Abstract A high circulating concentration of the non proteinogenic amino acid homocysteine has been implicated as a risk factor for Alzheimer's Disease and its prodromal stage, mild cognitive impairement. Furthermore, hyperhomocysteinaemia has been directly attributed to a deficiency in vitamins B12, folate, and B6. Several studies have demonstrated decrease in progression of mild cognitive impairement to Alzheimer's Disease, and some have even shown an improvement in cognition after vitamin supplements with B12 and folate. Plausible mechanisms linking hyperhomocysteinaemia to Alzheimer's and cognitive impairement have been hypothesized and demonstrated in hyperhomocysteinemic mice models. However, some studies have not elucidated any benefit of vitamin supplements in subjects with cognitive impairment. Hence, multicentric clinical studies need to be conducted to substantiate the mechanisms of neuronal degeneration due to hyperhomocysteinaemia and to demonstrate the beneficial effect of folate, B6 and B12 supplements on cognition.
Introduction
With the current increase in geriatric population due to increased longevity, cognitive decline is becoming more prevalent and there is a need to investigate the possible causes, especially modifiable ones, so as to be able to institute preventive measures.
Cognitive functions can be defined as cerebral activities that lead to knowledge. They are a group of varied brain functions that are attributable to different areas of the brain and include memory, learning, spatial orientation, reasoning, judgement and evaluation. The areas of the brain involved in these functions include frontal and temporal lobes, basal ganglia, limbic system [thalamus, hypothalamus, hippocampus, cingulate gyrus, amygdala]. A decline of these functions has been recognised as a progressive condition which starts as mild cognitive impairment (MCI) and progresses to Alzheimer's Disease (AD).
Several promoting factors of cognitive decline have been identified. These can be non-modifiable and modifiable. The non-modifiable include factors like age and genetic predisposition. For example, it is generally known that individuals carrying the e4 allele of apolipoprotein E (ApoE) gene are at greater risk of developing AD than those carrying the e3 allele, whereas the e2 allele decreases risk [1] . However, the use of ApoE genotyping in the diagnosis of MCI that evolves into AD is limited due to its low sensitivity and specificity. Moreover, diagnosing AD or MCI is just the tip of the iceberg; preventing further cognitive decline or, better still, improving cognition is the current therapeutic target which represents the major volume of this iceberg. Hence, it is important to identify modifiable factors and ascertain the means to modify them. Amongst the modifiable factors is circulating homocysteine (hcy) concentration.
Homocysteine is a homologue of cysteine, and is biosynthesized from methionine by removal of a terminal methyl group. It can be recylced into methionine or converted into cysteine with the aid of B-vitamins, which act as essential co-factors for the enzymes methionine synthase and cystathionine synthase. It follows, therefore that deficiency of these vitamins [B 12 , folate (B 9 ) and pyridoxine (B 6 )] causes hyperhomocysteinemia (Hhcy) [2] . Hence, they also are implicated in cognitive decline.
Homocysteine, a non proteinogenic amino acid, has also been implicated as a risk factor for several types of vascular disease including cerebrovascular disease [3] . But the presence of cerebrovascular disease on its own is generally not associated with major cognitive impairment [4] . Likewise, Alzheimer's pathology has been shown to be present in a significant proportion of non-demented elderly [5] . Wang et al. [7] randomly selected 370 individuals aged 75 years and above and not on vitamin B 12 and folate supplements, measured their serum vitamin B 12 and folate levels and followed them up for 3 years to detect incidence of AD as per DSM-III-R criteria. They observed that subjects who had lower B 12 [\150 pmol/L]/lower folate levels [\10 nmol/L] had a twice as high relative risk of developing AD [RR = 2.1; 95% CI] than those with higher levels of these vitamins. This association was even stronger in subjects with a good baseline cognition [RR = 3.1; 95% CI]. The pattern remained similar when the cut-off was changed to 250 pmol/L for B 12 and 12 nmol/L for folate [7] .
Williams et al. [8] demonstrated that hippocampal width which is known to decrease with age also relates to plasma homocysteine in patients of AD so that there is a relation between the atrophy of the medial temporal lobe and Hhcy.
At the same time, Kruman et al. elucidated that folate deficiency and hyperhomocysteinemia impaired DNA repair in hippocampal neurons, sensitizing them to amyloid toxicity, one of the well-known features of AD. They cultured hippocampal neuron tissue in a medium deficient in folic acid and methionine, and hence high in hcy; this lead to the death of hippocampal neurons. The neurons incubated in a control medium had less DNA damage than the ones incubated in hcy. Further analyses showed that amyloid beta (Aß) protein alone caused reversible oxidative damage involving an increase in 8-oxyguanine, but that cells incubated in a folate or methionine deficient medium could not repair DNA after exposure to Aß. This lead to the inference that Hcy interfered with DNA repair. To further elucidate this, purines and thymidines were added, resulting in decreased cell death.
Another effect of folate/methionine deficient medium was increased misincorporation of Uracil. So if Hcy affects DNA repair by affecting availability of purines and thymidines, then DNA damage is promoted. When this DNA damage cannot be repaired, the cell switches to apoptosis. This hypothesis that Aß deposits along with folate deficiency and Hhcy cause neuronal death was confirmed by tests on transgenic mutant mice by the same researchers [9] .
In the same year, Mallroy et al. [10] found significantly higher serum homocysteine levels (as compared to healthy controls) in three categories of patients-stroke, vascular dementia and AD. This was after allowance for confounding factors [age, sex, smoking, hypertension, cholesterol, creatinine and nutritional measures].
In 2004, Qadri et al. [11] demonstrated that subjects in the lowest tertile of folate had a high odds ratio for MCI [3.1] and dementia [3.8] . They also showed that HHcy conferred an odds ratio of 4.3 for development of dementia.
Linear regression models given by Schaffer et al. [12] revealed that homocysteine was consistently and strongly associated with worse neurobehavioral test performance and that subjects in the highest quartile of homocysteine levels were more than two times as likely to be in the lowest quartile of neurobehavioral test scores than those in the lowest quartile.
Thus, it was established that there is a direct association linking high serum homocysteine levels, low folate and low vitamin B 12 levels with MCI and AD. In studies conducted in our laboratory on the relationship of vitamin supplements with homocysteine, we demonstrated that homocysteine was lowered by nutritional modification with folate alone (5 mg/day) or a combination of folate (1.5 mg/day) and B 12 (0.5 mg/day) [13] .
But does supplementation with these vitamins and consequent lowering of homocysteine actually change the progression of cognitive decline?
In 2006, McCaddon presented a case series in which a baseline homocysteine and cognitive assessment was followed by vitamin supplements and then homocysteine estimation and cognitive assessment were repeated. The results, which are summarized in the Table 1 , indicate a role of vitamin supplements to not only prevent further decline of cognition but also to improve cognitive status [14] .
Aisen et al., in 2008, conducted an interesting case control study in where they enrolled patients of mild to moderate AD (MMSE = 14-26) and with normal levels of homocysteine, vitamin B 12 and folate. These 409 subjects were randomly assigned to two groups-one receiving high dose of vitamins (5 mg folate, 25 mg B 6 and 1 mg B 12 ) and the other receiving a placebo for 24 months. 168 subjects successfully completed the study. The authors then measured homocysteine and the cognitive subscale ADAS-cog (Alzheimer's Disease cognitive scale). They observed that though these vitamin supplements significantly reduced both homocysteine levels and the rate of brain atrophy, it did not significantly affect the cognitive scales. They concluded that vitamin supplements do not slow cognitive decline in mild to moderate AD, which was at variance with the findings of most other studies as mentioned above. One could also conclude, from their findings, that in the absence of hyperhomocysteinemia, vitamin B supplements do not have a role in slowing cognitive decline [15] .
From amongst the trials in the Cochrane Dementia and Cognitive Improvement Specialized Register Group, Malouf and Grimley conducted a meta-analysis of all doubleblind, placebo-controlled randomized trials in healthy elderly subjects (with some form of cognitive impairment) on folate supplementation with or without B 12 . They found that folate (750 mcg/day) with or without B 12 was effective in reducing homocysteine but did not have any beneficial effects on measures of cognition or mood. In a randomized controlled trial in healthy elderly subjects with Hhcy, they observed that a daily supplement of 800 mcg of folate over 3 years resulted in better global functioning (p = 0.033), better memory storage (p = 0.006) and better information processing speed (p = 0.016). In another trial on subjects with cognitive impairment and Hhcy, and who were given cholinesterase inhibitors as well as 1 mg of folate daily, had a better overall response (p = 0.02) than those on cholinesterase inhibitors alone [16] .
In 2010, Smith et al., conducted a randomized, doubleblind, controlled trial of the effects of high dose vitamin B supplement (folate 0.8 mg/day, B 12 0.5 mg/day and B 6 20 mg/day) on the rate of brain atrophy as measured by MRI volumetric scan in subjects over 70 years old. They demonstrated that the rate of atrophy was significantly lower (p = 0.001) in the group receiving active treatment as compared to those on placebo. They also elucidated that this atrophy was related to the baseline homocysteine levels so that those in the placebo group with a baseline hcy [ 13 lmol/L had a 53% higher rate of atrophy than those in the active treatment group with similar homocysteine levels. Moreover, a greater rate of atrophy was associated with a lower final cognitive test score [17] .
One of the mainstays of AD is the deposition of amyloid plaques and the presence of tau proteins and amyloid proteins, specifically b amyloids, in the brain. So Smach et al. measured plasma hcy along with CSF levels of hcy, folate, Ab 1-42 and tau proteins in 133 subjects, of which 70 had AD, 33 had non AD dementia and 30 were agematched controls. They elucidated that CSF concentrations of folate, Ab 1-42 and tau proteins was significantly different between the groups with CSF folate being lower in AD patients than in controls (p \ 0.02). They also 6CIT Six item cognitive impairment test, TICs-m Telephonic interview for cognitive status modified demonstrated that there was no correlation between Ab 1-42 or tau and folate or homocysteine irrespective of the groups. In addition, they found an inverse correlation between hcy and folate in the CSF (p \ 0.0005). They, therefore, concluded that folate had a role in worsening of AD [18] .
To further demonstrate the role of hcy in progression from MCI to AD, Zheng et al. studied the circulating levels of hcy and brain derived neurotrophic factor (BDNF), in patients with Apo e4 allele. Plasma hcy was found to increase and serum BDNF to decrease in those cases of MCI that converted to AD. As compared to Apo e4 allele, hcy as well as BDNF had a better sensitivity, specificity and positive predictive value for progression to AD [19] .
Recently, Lee et al. elucidated that there were significant effects of multivitamin supplements on cognitive function (p = 0.021), hcy (p = 0.001) and depression (p = 0.001) in older patients of MCI. Hence multivitamin supplements could be used not only to improve cognitive function, but also to reduce depression in MCI [20] .
Mechanism of Cognitive Pathology Due to Hhcy
That remodelling of tissues due to Hhcy is mediated through matrix metalloproteinases (MMPs) has been amply demonstrated in several studies. Different MMPs are activated in different tissues. In the brain, Lominadze et al. demonstrated that Hhcy causes disruption of the blood brain barrier and microvascular leak in brain of mice through the action of MMP 9 [21] .
Another experiment by Kumar et al. elucidated that the expression of MMPs 2 and 9, and that of tissue inhibitors of metalloproteinases (TIMPs) 3 and 4 was enhanced in hyperhomocysteinemic mice, probably through its inhibition of c amino butyric acid (GABA) [22] .
In a study we conducted on mice heterozygous for cystathionine-b-synthetase gene (CBS ?/-) and these CBS ?/-mice in whom the gene for MMP 9 has been ablated (CBS ?/-/MMP9 -/-), we demonstrated that ablating MMP 9 gene ameliorates the cognitive decline observed in the hyperhomocysteinemic CBS ?/-mice, indicating that hcy causes cognitive decline through the action of MMP 9 [23] .
Yet another study demonstrated that folate deficiency caused hcy-dependent inhibition of methylation of phosphatases and resultant inhibition of phosphatase activity. This in turn lead to increase in phosphor-tau immunoreactivity [24] .
On basis of the available literature on the subject, we can schematically summarize the mechanisms by which Hhcy causes neuronal damage as shown in Fig. 1 . Fig. 1 Nonvascular mechanisms of neurotoxicity due to hyperhomocysteinemia. PP2a, protein phosphatase 2a, APP amyloid precursor protein
Conclusion
Over the past several decades, scientists have demonstrated that Hhcy is a risk factor for cognitive decline, and that decreasing homocysteine by supplements of the B vitamins results in slowing of the progress of cognitive decline as well as improvement of cognition per se. At the same time, a few studies have not observed any benefit of these vitamins in amelioration of cognitive impairment. Hence, due to these unequivocal reports, current therapeutic regimen for MCI or AD do not routinely include supplements of the B vitamins. Moreover, the mechanism of action of Hhcy in causation of cognitive decline has not been amply demonstrated in humans, though there are several studies in mice models of Hhcy.
Hence, there is a need for more multicentric clinical studies demonstrating the mechanism of Hhcy and deficiency of vitamins B 6 , B 9 and B 12 in causing cognitive decline. This would encourage clinicians to include vitamins in the management of cognitive impairment and lead to decrease in morbidity in the geriatric population which is a growing section of every population.
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